The role of the oxidative burst, transient production of activated oxygen species such as H202 and superoxide (02) 
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H202 (2, 13, 18) . In light of its similarity to the respiratory burst of activated phagocytes (4, 5) , the oxidative burst may function as a first line of defense in resistant plants by directly attacking the pathogen during the earliest stages of infection.
It has also been postulated that highly reactive active oxygen molecules initiate a lipid peroxidation chain reaction in the plasmalemma (1, 20, 21, 23) . The ensuing disruption of the membrane is proposed to have two major effects. One is increased cell leakiness, which constitutes the first distinctive sign of an HR (18, 21) . The other effect of peroxidative membrane disruption is either the release of a signal from the membrane or an influx of signal molecules into the plant cell (2, 13, 23) . The signal is postulated to be responsible for activating transcription of genes coding for phytoalexin biosynthetic enzymes.
A number of reports in the literature document the presence of the oxidative burst, but it is not clear whether this burst always occurs during plant-pathogen interactions, and if so, whether the oxidative burst is necessary for elicitation of plant defense responses. We undertook these studies to test the relationship between the occurrence of oxidative burst in two defense responses, phytoalexin elicitation and HR. An incompatible strain of the bacterium, Pseudomonas corrugata, and HgCl2 were used as elicitors of the oxidative burst and phytoalexin accumulation in white clover (Trifolium repens L.) cultured cells and HR in tobacco (Nicotiana tabacum L.) leaf tissue. Exogenously introduced antioxidant enzymes, SOD and catalase, were used to examine the role of active oxygen in the development of these plant defense responses.
MATERIALS AND METHODS

Plant Material
The callus culture line was derived from white clover (Trifolium repens) hypocotyls and maintained on modified Gamborg's B5 agar medium as previously described (14) . To initiate suspension cultures, callus clumps (1.5-2.0 g) were suspended in 30 mL of modified Gamborg's B5 liquid medium and incubated on an orbital shaker (New Brunswick Scientific Co., Inc., Edison, NJ3) at 125 rpm in a growth chamber at 250C with a 16-h photoperiod (200-400 ,mol-m-2 s). After 9 to 13 d, the cells were subcultured into fresh Gamborg's medium and incubated for an additional 6 or 7 d. Cells from these flasks were filtered through plastic mesh (2-mm2 perforations) to remove large clumps of cells. The resulting cell filtrate consisted of individual cells and cell aggregates of nonuniform size. The cells were collected on Miracloth and divided into two groups, one to be used in the oxidative burst assay and the other to be used in the phytoalexin assay.
Tobacco (Nicotiana tabacum L.) cv Havana 44 was grown under greenhouse conditions until the largest leaf was approximately 10 cm long. Panels of second, third, and fourth fully expanded leaves were infiltrated with bacterial suspensions or HgC12.
Bacteria
Pseudomonas corrugata (strain RB15) was maintained as previously described (17) . The rough colony type isolate was used for these experiments and gave the incompatible HR response on tobacco and white clover leaves. The smooth colony type, which did not produce an incompatible response, was not used. Bacteria were grown on yeast-dextrosephytopeptone-agar (17) plates for 48 h in the dark at 250C. Because the bacteria may produce active, water-soluble extracellular components, both washed and unwashed bacteria were used. Bacterial suspensions were scraped from the surface of three culture plates of P. corrugata and suspended in 10 mL of 0.7% saline. After the material was centrifuged, the bacterial pellet was suspended in 10 mL of buffer (5 mm Mes, pH 5.6) and centrifuged again. The bacterial pellet was then resuspended in 6 mL of buffer (washed bacteria). A second set of bacteria from two plates was suspended in 6 mL of buffer (unwashed bacteria). Washed and unwashed bacteria suspensions were adjusted to a final concentration of 5 x 108 cfu/mL, and half of each was autoclaved. These served as stock suspensions for experiments.
Reagents and Enzymes
A 1-mm luminol solution was prepared by addition of concentrated NH40H dropwise until the luminol dissolved, and then the volume was adjusted with Mes buffer to maintain ionic conditions similar to that of cultured cells during incubation. Just before measurement of CL, luminol was added to a 1-mL aliquot of suspension cells to give a final luminol concentration of 4 jLM. The final pH of the medium for CL measurement was 9.0, which supported both optimum CL and highest ratio of CL in elicited to nonelicited cells. These parameters and those described below for oxidative burst measurements were optimized in preliminary experiments (data not shown). All chemicals and enzymes were purchased from Sigma Chemical Co. (St. Louis, MO) unless stated otherwise.
Measurement of Oxidative Burst
Suspension cells collected on Miracloth (2 g of cells) were suspended in 40 mL of assay medium (175 mm mannitol, 0.5 mM CaCl2, and 0.5 mm K2SO4 in Mes buffer) as described by Baker et al. (6) . While being dispersed by a magnetic stir bar, 1 -mL aliquots of cells were drawn into a pipet and transferred to 20-mL glass scintillation vials. The cells were left for 2 h in the dark at room temperature to reduce H202 levels elevated by handling. All subsequent operations were conducted under low levels of room light.
For experiments testing the effects of antioxidant enzymes, appropriate volumes of stock solutions of SOD (1.1 x 104' units/mL) and/or catalase (3.3 x 104 units/mL) in assay buffer were added to 1-mL aliquots of plant cells 2 min before addition of elicitor. To the nonelicited controls, either buffer or saline was added, or no addition was made. At each test time, three vials were placed in a scintillation counter (Packard 1500 Tri-Carb Liquid Scintillation Analyzer, Packard Instrument Co., Downers Grove, IL) operated in the outof-coincidence mode. As each vial was entering the counting chamber, 40 ,uL of luminol was added. Light emissions were monitored for 10 s at 0-, 10-, 15-, 20-, and 25-min intervals. Nonelicited controls were monitored in parallel with treatment samples.
Each experiment was conducted a minimum of two times. Data were expressed as cpm and are reported as the average of three replicates in a given experiment. Values were not averaged across experiments because of the variability among cell cultures in their baseline CL activity. Those readings that exceeded the upper limit of the scintillation counter were reported as 107 cpm.
Phytoalexin Assay
Assay suspensions were prepared by adding 1.5 g of T.
repens suspension cells to 20 mL of assay medium in a 50-mL beaker. SOD and/or catalase were added to the plant cell suspensions and allowed to stand for 15 min. Each elicitor was added at time zero, and the total volume was adjusted to 30 mL with Mes buffer. The assay beakers were then incubated on the rotary shaker (125 rpm) in a growth chamber for 24 h. Nonelicited control cells were tested in parallel with treatment samples.
Cells from each treatment were collected by vacuum filtration and extracted as described before (14) . A 2-mL sample from each cell suspension filtrate was extracted twice with 2 mL of ethyl acetate. The combined organic phases were flash evaporated at 300C, and the residue was dissolved in hexanes:ethyl acetate (8:2, v/v). Medicarpin concentrations were determined in cultured cell and culture medium extracts by HPLC (14 (Fig. 2B) . At higher concentrations (158 and 315 AM), HgCl2 was a strong elicitor of CL.
Under the conditions of the oxidative burst measurements used, addition of H202 in the absence of elicitor led to production of CL. The levels of CL in 0, 1, 2, and 5 uM H202 were 0.45, 0.94, 4.8, and 8.7 x 106 cpm, respectively. Thus, addition of SOD 2 min before elicitation of the cells would increase CL because SOD should increase the rate of O2 dismutation to H202. Addition of increasing amounts of SOD led to increasing levels of CL that were significantly higher than control levels; however, the increases over no SOD (Fig.  3A) were not statistically significant (P c 0.05).
Addition of catalase 2 min before elicitation of cells would decrease CL if catalase increases the rate of disappearance of H202. Catalase at 165 units/mL significantly decreased CL, but these levels were still significantly higher than nonelicited control levels (Fig. 3B) decreased CL to nonelicited control levels. At 25 min, the plant cells exposed to 1320 units/mL of catalase emitted CL that was slightly, although significantly, higher than that emitted by nonelicited controls. Addition of both SOD and catalase 2 min before elicitation was expected to convert all generated O2 to H202 and all H202 to water and oxygen, thus quenching the oxidative burst. Addition of SOD and catalase at final concentrations of 864 and 3300 units/mL, respectively, to cell suspensions before addition of bacteria resulted in emission levels indistinguishable from nonelicited control levels (Fig. 3C) . Pretreatment with only SOD enhanced CL slightly (although significantly at 10 min) above the CL of bacteria-induced cell suspensions. Plant cells pretreated with only catalase emitted CL that was significantly lower than that emitted by bacteriainduced cell suspensions. However, these low levels of CL were still significantly higher than that emitted by nonelicited control cells at 10 min.
Addition of SOD (864 units/mL) or catalase (3300 units/ mL) before elicitation by HgCl2 had less dramatic effects on CL in T. repens cell suspensions. This was partly because treatment with 25 /M HgCl2 elicited only small (although significant) levels of CL in the absence of SOD or catalase (Fig. 3D) . Addition of SOD significantly reduced CL at 5 min but not at other times. Addition of catalase decreased the CL to control levels for the duration of the experiment.
Medicarpin Accumulation
Gustine (15) reported that only P. corrugata, one of four bacterial plant pathogenic species tested, elicited medicarpin in T. repens callus. This bacterium was tested for its ability to elicit phytoalexin accumulation in T. repens cell suspensions. Live P. corrugata (both washed and unwashed) elicited phytoalexin accumulation in the 24-h incubation (Fig. 4A) . However, autoclaved bacteria did not elicit phytoalexin accumulation.
Mercuric chloride elicited medicarpin in suspension cultures as it did in callus (14) and did so in a concentrationdependent response (Fig. 4B) . No (Fig. 5B ).
HR
Live bacteria (both washed and unwashed) at >5 x 108 cfu/mL yielded a rapid, fully developed HR (Table I) . At Addition of combined SOD (864 units/mL) and catalase (3300 units/mL) delayed the initial development of bacteriainduced HR, which, nonetheless, reached completion in the six trials by 20 h after injection. Addition of an equal volume of Mes buffer also slowed the development of HR without interfering with complete development. Autoclaved P. corrugata (whether washed or not) or enzymes did not induce an HR reaction in any trial.
DISCUSSION
These experiments established that, when incompatible bacteria were added to suspension cells, activated oxygen production increased sharply within 10 min. Production peaked between 10 and 20 min after addition of bacteria. That autoclaved P. corrugata elicited the oxidative burst indicated it was, indeed, the plants that produced the activated oxygen species.
Addition of catalase completely quenched the bacteriainduced CL peak (Fig. 3C) , indicating a reaction of H202 with luminol to produce CL. SOD would be expected to increase CL in the presence of O-by increasing the rate of Odismutation to H202 and its subsequent reaction with luminol. That SOD did not significantly increase CL suggests that O-production was not a part of the oxidative burst (Fig. 3A) or that SOD activity within the bacteria and plant cells was sufficient to convert any O-to H202. Because O-in the plant cells may react with H202 produced during the oxidative In white clover callus, an induction period of up to 6 h was necessary before medicarpin levels increased (14, 16) . Increased rate of K+/H+ exchange, an indicator of HR, is first detected in an incompatible interaction 2 to 6 h following addition of P. syringae pv syringae to tobacco suspension cells (7) . Live P. corrugata added to T. repens suspension cells likely caused production of activated oxygen species before medicarpin levels increased and before development of external signs of HR were evident in tobacco (Table I) (Fig. 2B ). Concentrations at 158 or 315 ,iM induced hypersensitivity and led to enhanced production of activated oxygen species. These results may indicate that the oxidative burst is involved in the development of HR in tobacco but not in phytoalexin elicitation in clover suspension cells.
Baker and colleagues (6) found that both incompatible and compatible bacteria caused an increased production of activated oxygen species within 30 min after addition to tobacco cell suspensions. However, only bacteria that elicited HR stimulated a second, long-term production, beginning at 3 h and continuing until at least 6 h after inoculation. Their findings were consistent with those of Doke (11) and may indicate that the prolonged, rather than the initial, oxidative burst is necessary for the development of HR. Results from our experiments in which we measured long-term (up to 7 h) production of activated oxygen species by white clover suspension-cultured cells following addition of incompatible bacteria indicated that a small prolonged oxidative increase was elicited 3 to 5 h after addition of autoclaved bacteria but not after addition of live bacteria (Fig. 1) . This may indicate inactivation of bacterial SOD and catalase. Furthermore, infiltration of tobacco leaf panels with incompatible live bacteria produced HR, whereas treatment with incompatible autoclaved bacteria did not produce HR. Thus, because of the above, and because autoclaved bacteria did not elicit medicarpin production (Fig. 4A) , the small prolonged increase in production of activated oxygen molecules did not correspond with the elicitation of phytoalexin accumulation or with development of the HR.
Addition of the antioxidant enzymes SOD and catalase neither decreased bacteria-or HgCl2-induced phytoalexin accumulation in white clover suspension-cultured cells nor deterred the development of HR in tobacco leaf tissue. Because addition of the enzymes at levels capable of quenching the oxidative burst had no measurable effect on these two plant defense responses, the oxidative burst does not appear to be a necessary component of elicitation. However, this conclusion may be premature for several reasons.
First, although results from the CL experiments indicate that catalase and SOD were functional for the first 30 min of the plant-microbe interaction, the enzymes may not have retained activity for the entire 24-h incubation period. Even if the enzymes were only temporarily functional and simply delayed elicitation by several hours, induction of phytoalexin accumulation or HR would still have been detected. Thus, we cannot be certain that the 24-h data for phytoalexin induction and HR reflect a lack of effect by catalase and SOD. In support of this possibility is the finding of Keppler and Baker (18) . Addition of SOD at the onset of a hypersensitive interaction between tobacco suspension cells and P. syringae delayed lipid peroxidation for only 2 h, which suggests that the enzyme was inactivated after 2 h. Keppler and Baker (18) were able to detect these brief effects because they were measuring events occurring within 4 h after the onset of elicitation.
Second, we cannot be sure the catalase permeated the plasmalemma. If the oxidases responsible for producing activated oxygen species are located in the plasmalemma as suggested by Doke (11) , then some of the activated oxygen may interact with membrane components rather than with the enzyme scavengers. For example, * OH is so reactive that it can diffuse only 5 to 10 molecular diameters from its site of formation before reacting with other molecules (9) . Some active oxygen species initiate peroxidative chain reactions in the lipid bilayer of cell membranes (8, 23 ) and alter membrane protein activity (24, 25) . In that case, exogenously added catalase may interact only with activated oxygen species that diffuse beyond the plasmalemma, as is the case for SOD. Under these conditions, quenching the oxidative burst would not interfere significantly with membrane events leading to elicitation of defense responses.
Third, HgCl2 and activated oxygen species can oxidize free sulfhydryl groups. Oxidation of key sulfhydryl groups alters the function of key membrane pumps (3, 21) . Both sulfhydryl reagents (i.e. HgC12) and activated oxygen species may have this effect on plasmalemma proteins. Thus, very low concentrations of HgCl2 may induce a Ca+2 influx sufficient to cause phytoalexin elicitation without enhanced production of activated oxygen species. The crucial elicitation event may be a massive oxidation of plasma membrane proteins rather than the production of activated oxygen species per se.
Conflicting results concerning the role of an oxidative burst during elicitation of plant defense responses have also been reported elsewhere (1, 2, 13) . Although many reports support the hypothesis that activated oxygen species are involved in elicitation, definitive results have not yet been obtained. The results reported here do not support the hypothesis that the pathogen-induced oxidative burst is a necessary element of the elicitation of either phytoalexin production or of HR. Rather, they suggest that, if the oxidative burst is involved in plant defense responses to pathogens, it is an independent event.
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